The effect of the nitrogen diffusion layer formed by gas blow induction heating nitriding on the wear resistance and the fatigue properties of a titanium alloy was investigated. The nitrogen diffusion layer deteriorated the wear resistance of a titanium alloy. This is probably because hard abrasive particles worn from the diffusion layer accelerates the wear of the material. In contrast, the diffusion layer improved the fatigue properties of a titanium alloy. This is due to the high hardness of the diffusion layer, and because the layer and the substrate share the same elastic modulus, the surface stress concentration is inhibited.
Introduction
Nitriding, which forms a hard nitride layer composed of a nitrogen compound layer and a nitrogen diffusion layer beneath it, is generally performed to improve the wear resistance [1] and fatigue properties [2] of metals. When standard processes such as gas or plasma nitriding are carried out on titanium, the wear resistance is improved due to the formation of a hard nitrogen compound layer [3] . However, the fatigue strength of nitrided titanium is reduced due to brittleness of the nitrogen compound layer [4] .
Standard nitriding processes generally require several hours to achieve surface modification of the treated material. Therefore, the authors recently developed a new nitriding technique, referred to as gas blow induction heating (IH) nitriding. In this process, N2 gas is blown over a material heated by high-frequency induction in a N2 atmosphere. A nitride layer is formed on a titanium alloy within a few minutes using this process [5, 6] . It was found that gas blow IH nitrided titanium alloy exhibited the same properties as titanium nitrided using standard processes, in that although the wear resistance was improved, the fatigue strength was reduced due to the formation of a nitrogen compound layer on the top surface [5, 6] . However, a nitrogen diffusion layer is also present beneath the surface nitrogen compound layer, and this is also expected to possess a high degree of hardness, which may lead to improved wear resistance and fatigue properties.
In this study, gas blow IH nitriding was performed on a titanium alloy, and the nitrogen compound layer was removed, leaving only a nitrogen diffusion layer. The effect on the wear resistance and fatigue properties was then investigated.
Experimental Procedures

Specimen Preparation
The material used in this study was Ti-6Al-4V alloy (ELI (Extra Low Interstitial) grade). The tensile strength and 0.2% proof stress were 961 MPa and 851 MPa, respectively. Figure 1 shows an optical micrograph of the alloy, which contains equiaxed α and β phase grains. Plates of this alloy with a thickness of 11 mm were machined into disk-shaped specimens with a diameter of 17 mm and a thickness of 5 mm, using wire electrical discharge and precision cutting machines. These specimens were polished to a mirror finish using emery paper (#240 to #1200) and a SiO2 suspension. The polished specimens are referred to as the P series. The details of the gas blow IH nitriding system can be found in our previous paper [5] . Gas blow IH nitriding was carried out on the P series surfaces. The gas flow rate was 130 L/min, the treatment temperature was 1173 K, the heating time was 180 s, the internal diameter of the nozzle was 6 mm, and the nozzle distance was 100 mm. The temperature was controlled by adjusting the power applied to the IH unit, while measuring the temperature at the center of the treated specimen surface with a thermocouple. Some of the gas blow IH nitrided specimens were polished using emery paper (#2000 and #4000) and a SiO2 suspension until a mirror finish was achieved. The polishing step removed a layer with a thickness of 10-15 µm. The specimens treated by gas blow IH nitriding are referred to as the N series, and the N series specimens polished to a mirror finish are referred to as the N + P series.
Characterization of the Surface Modified Layer
The surface microstructure was observed using optical microscopy. The observations were performed after cutting the specimens, molding them in resin, and polishing them to a mirror finish using emery paper (#240 to #1200) and a SiO2 suspension, followed by etching with Kroll's etchant. The hardness profiles in the specimen thickness direction was determined using a micro-Vickers hardness tester, with an indentation load of 0.245 N and a load holding time of 20 s. The surface properties were measured using a nano-indentation tester with a Berkovich indenter, with an indentation load of 100 mN and a load holding time of 5 s.
Reciprocating Ball-on-Disk Wear Tests
Reciprocating ball-on-disk wear tests were performed at room temperature in air to evaluate the wear resistance of the specimens. The ball was made from alumina and had a diameter of 3 mm, the load was 2.0 N, the sliding stroke was 8 mm, the sliding speed was 10 mm/s, the number of cycles was 14,000, and the total sliding distance was 224 m. The mass of the specimens was measured before and after the tests, and the wear loss during the tests was calculated. The wear tracks formed on the specimens were observed by scanning electron microscopy (SEM). The cross-sectional profiles of the wear tracks were examined by scanning white light interface microscopy.
Fatigue Tests under Four-Point Bending
The disk-shaped specimens that had undergone each treatment were machined to the configuration shown in Figure 2 , by precision cutting and polishing using emery paper (#120), to carry out four-point bending fatigue tests [7] . Fatigue tests were performed at room temperature in air, under a stress ratio of 0.1 and a stress cycling frequency of 10 Hz. Figure 3 shows optical micrographs of the N and N + P series specimens. As seen in Figure 3a , a nitrogen compound layer with a thickness of approximately 5 µm was formed on the surface of the N series specimen. In contrast, no such layer is observed on the surface of the N + P series specimen in Figure 3b , indicating that it was completely removed by polishing. The figures also reveal that an acicular α phase was formed in the specimens, which was different to the microstructure before gas blow IH nitriding (Figure 1) , and that grain coarsening occurred. This is because the temperature inside the specimen was higher than the β transus point (1268 K) due to the mismatch between the temperature measured by the thermocouple at the specimen surface and that inside the specimen [5] . Figure 4 shows cross-sectional profiles of Vickers hardness for the N and N + P series specimens. Although the surface hardness for the N + P series specimen was reduced due to the removal of the compound layer, the surface of both specimens was harder than the interior. The increased hardness compared to the P series specimens indicates the presence of a nitrogen diffusion layer.
Results and Discussion
Characterization of Surface Modified Layer Formed on Ti-6Al-4V Alloy
These results show that a compound layer and a diffusion layer were formed at the surface of the N series specimens while only a diffusion layer was formed at the surface of the N + P series specimens.
(a) N series ( b) N + P series Figure 3 . Cross-sectional optical micrographs of (a) gas blow IH nitrided (N series) and (b) polished after gas blow IH nitriding (N + P series) specimens.
3 t1 Figure 4 . Cross-sectional profiles of Vickers hardness for gas blow IH nitrided (N series) and polished after gas blow IH nitriding (N + P series) specimens.
Effect of Nitrogen Diffusion Layer on Wear Resistance of Ti-6Al-4V Alloy
Reciprocating ball-on-disk wear tests were performed to investigate the wear resistance of the specimens. Figure 5 shows SEM micrographs of the wear tracks formed on the specimen surface. The N series (Figure 5b ) showed a narrower wear track than the other specimens. The widths of the wear tracks formed on the P (Figure 5a ) and N + P (Figure 5c ) series specimens were almost the same. To examine the wear tracks in more detail, cross-sectional profiles were measured. Figure 6 illustrates the results. The N series specimen exhibited a relative small wear track (Figure 6b ). In contrast, both P and N + P series specimens (Figure 6a ,c) exhibited wide wear tracks, and that for the N + P series specimen was deeper. Table 1 summarizes the wear loss for the specimens during the tests. The wear loss for the N series specimen was less than that for the P series specimen, whereas the N + P series specimen showed the highest wear loss. These results indicate that the nitrogen compound layer on the N series specimens improved the wear resistance, whereas the nitrogen diffusion layer on the N + P series deteriorated the wear resistance.
The wear resistance of a material is strongly affected by the surface hardness. Therefore, the surface hardness of the specimens was measured using a nano-indentation tester, and the results are shown in Table 2 . The N series exhibited a significantly high hardness, due to the existence of the compound layer, which led to the improvement in the wear resistance of the Ti-6Al-4V alloy. The N + P series also exhibited a high hardness compared to the P series. However, the wear resistance of the N + P series was reduced, possibly because hard abrasive particles from the diffusion layer accelerated the wear of the material [8] . . Cross-sectional profiles of the wear tracks formed on the (a) polished (P series), (b) gas blow IH nitrided (N series) and (c) polished after gas blow IH nitriding (N + P series) specimens. Table 1 . Wear losses of the polished (P series), gas blow IH nitrided (N series) and polished after gas blow IH nitriding (N + P series) specimens during the tests. Table 2 . Surface hardness of the polished (P series), gas blow IH nitrided (N series) and polished after gas blow IH nitriding (N + P series) specimens measured by nano-indentation test.
P Series N Series N+P Series
3.0 GPa 7.3 GPa 3.8 GPa
Effect of Nitrogen Diffusion Layer on Fatigue Properties of Ti-6Al-4V Alloy
Four-point bending fatigue tests were carried out to investigate the fatigue properties of the specimens, and the results are shown in Figure 7 . The N series specimen exhibited inferior fatigue properties than the P series specimen. The best results were obtained for the N + P series specimen.
To investigate the reason for the difference in fatigue properties, the elastic modulus at the outermost surface of the specimens was measured using a nano-indentation tester. Table 3 shows the results. The N series specimen exhibited a higher elastic modulus than the other specimens due to the presence of the nitrogen compound layer. A stress concentration occurred at the surface of the N series specimen due to the difference in elastic modulus between the substrate and compound layer [9] , which resulted in a degradation of the fatigue properties. Table 3 also shows that the elastic modulus for the N + P and P series specimens was the same. Therefore, the surface stress concentration was not present in the N + P series specimen. Results of four-point bending fatigue tests for the polished (P series), gas blow IH nitrided (N series) and polished after gas blow IH nitriding (N + P series) specimens. Tokaji et al. [10] revealed that the crack initiation resistance was reduced by nitriding a Ti-6Al-4V alloy. Therefore, in this study, it is considered that premature crack initiation occurred, which deteriorated the fatigue properties of the N series specimen. In contrast, in the case of the N + P series specimen, the fatigue properties were improved because the nitrogen diffusion layer exhibited a high hardness and a similar elastic modulus to that of the substrate. It is noteworthy that the fatigue properties of the N + P series specimen were superior to those of the P series specimen, despite grain coarsening in the N + P series specimen during gas blow IH nitriding. Therefore, the nitrogen diffusion layer significantly improved the fatigue properties of Ti-6Al-4V alloy. Table 3 . Elastic modulus at the surfaces of the polished (P series), gas blow IH nitrided (N series) and polished after gas blow IH nitriding (N + P series) specimens measured by nano-indentation tests. 
P Series
Conclusions
Gas blow IH nitriding was performed on a titanium alloy, and the nitrogen compound layer was then removed, leaving only a nitrogen diffusion layer. The effect of the nitrogen diffusion layer on the wear resistance and the fatigue properties of a titanium alloy was investigated. The main conclusions obtained in this study were as follows:
1. The nitrogen diffusion layer deteriorated the wear resistance of a titanium alloy. This was probably caused by hard abrasive particles which were removed from the diffusion layer. 2. By removing the nitrogen compound layer from the gas blow IH nitrided specimens, the fatigue properties of a titanium alloy were improved. This was due to the high hardness of the remaining nitrogen diffusion layer, and because this layer and the substrate shared the same elastic modulus, which prevented the occurrence of a stress concentration. 3. The effects of the nitrogen diffusion layer were opposite to those of the nitrogen compound layer, in that the latter improved the wear resistance, but deteriorated the fatigue properties of a titanium alloy.
